Primary central nervous system lymphoma is a rare and distinct subtype of non-Hodgkin's lymphoma that is sensitive to radiation and chemotherapy. Decisions regarding the initial therapeutic approach are influenced by age and risk of therapyrelated neurotoxicity. Despite several albeit small phase II studies, and the acknowledged need for larger prospective trials, there is supporting evidence to consider auto-SCT following induction chemotherapy in patients with good performance status. The international extranodal lymphoma study group is conducting a randomized phase II study comparing consolidative radiation therapy to high-dose therapy. Novel therapeutic options including early aggressive approach with upfront auto-SCT and strategies to prevent relapse following transplantation is an area of focus.
INTRODUCTION
Central nervous system (CNS) lymphoma accounts for a small proportion of all CNS tumors and is classified as primary or secondary. 1--3 In the absence of systemic lymphoma, involvement of CNS by lymphoma is primary disease. Patients with systemic lymphoma may have concurrent CNS involvement at presentation. CNS disease as a complication of systemic lymphoma is more often seen in the relapse setting, when it may occur in isolation or in association with other sites. 1,3--5 According to the US cancer registry data, primary CNS lymphoma (PCNSL) accounts for 3--5% of primary CNS tumors. 2, 5 Age-adjusted incidence rates continue to rise, even when adjusted for the impact of HIV-related disease.
1,2 PCNSL is more common among patients over the age of 65 years, with an incidence rate of 13--16 per million.
1 PCNSL is a rare non-Hodgkin's lymphoma that occurs within the cerebrum, spinal cord, leptomeninges or orbits or presents as neurolymphomatosis. 5--7 Diffuse large B-cell lymphoma is the most common histological subtype of PCNSL, 4, 8 though primary T-cell CNSL have been reported. 9 Historically, whole brain radiation therapy (WBRT) was offered to patients but was associated with poor long-term outcome. 10--12 The availability of more effective chemotherapy regimens has, therefore, relegated single-agent WBRT to salvage or palliative therapy. 13 WBRT as consolidation after chemotherapy is complicated by significant neurotoxicity, particularly in patients over the age of 60 years 14 and there is ongoing debate about the field and dosage.
The introduction of high dose (HD) MTX at doses sufficient to cross the blood--brain barrier 15 has improved outcomes in PCNSL, 16 and MTX X1 g/m 2 is regarded as a standard component of chemotherapy regimens in the therapy of PCNSL. When used alone or in combination with other chemotherapy drugs, it is associated with response rates of 52--88% and 70--94%, respectively, with 2-year overall survival (OS) rates of 58--72% and 43--73%.
14 Effective chemotherapy combinations with MTX are under clinical investigation, including HD cytarabine and rituximab. The technique of osmotic blood--brain barrier disruption is being investigated in an attempt to improve drug delivery to the CNS for the treatment of malignant brain tumors, 17 and promising data have been reported in patients with PCNSL. 18, 19 With increased risk of relapse following single modality approach, consolidation approaches to improve disease-free interval and survival of patients need to be considered. Consolidation with radiation, further chemotherapy and/or auto-SCT is available. Consolidative therapy with HD MTX has been recently presented by CALGB. 20 The risks of disease relapse and therapy-related neurotoxicity are important aspects to consider when initiating therapy for PCNSL. The role of high dose therapy (HDT) followed by auto-SCT in PCNSL, though limited to a few clinical trials, has to a large extent been extrapolated from treatment of diffuse large B-cell lymphoma. The therapeutic benefit of HDT and auto-SCT has not been studied in phase III trials. Therefore, its role in PCNSL in our opinion has been underutilized.
ROLE OF HDT AND AUTO-SCT IN PCNSL AT FIRST RESPONSE
Several phase II studies among immunocompetent patients with a variety of conditioning regimens have been published on the role of auto-SCT in patients with PCNSL after induction chemotherapy during first remission (Table 1) .
In a study by Brevet et al. 21 six patients were treated with BEAM intensive chemotherapy, auto-SCT and radiotherapy. All patients attained a CR at the conclusion of intensive therapy. The median survival among the six patients treated on this regimen was 36 months. Yoon et al. 22 investigated the feasibility of upfront auto-SCT in patients with newly diagnosed PCNSL. Treatment consisted of induction chemotherapy with five cycles of HD MTX and two cycles of high-dose cytarabine followed by conditioning with BU, CY, etoposide and auto-SCT. Two patients received WBRT. Of the 11 consecutive PCNSL patients treated with this regimen, 10 achieved CR or CRu. At a median follow-up of 25 months, six patients relapsed with a median EFS of 15 months. Median survival was not yet reached with a 2-year survival rate of 89% at the time of reporting. No long-term data are available, but this aggressive treatment approach was well tolerated by all patients and appeared to be effective in achieving a CR in most patients. Relapse however, remains a major problem and further regimen optimization is necessary. 22 Illerhaus et al.
23 treated 13 patients with MTX and cytarabine/ thiotepa induction chemotherapy followed by HD carmustine/ thiotepa and auto-SCT for PCNSL. Radiotherapy was given to patients who did not respond completely to chemotherapy. Sequential chemotherapy was administered in this study with two to four cycles of HD-MTX 8 g/m 2 and two cycles of HD-cytarabine and thiotepa. After stem-cell mobilization, carmustine and thiotepa was used as conditioning regimen followed by auto-SCT. Median age was 54 years. Three patients achieved CR and five attained PR after induction therapy. Among the 13 patients, 11 proceeded to HDT and auto-SCT,7 attained a CR and 4 PR. The 3-year disease-free survival (DFS) and OS was 77%. 23 Colombat et al. 24 reported the safety and efficacy of HD-MTXbased chemotherapy followed by HDT and auto-SCT in patients with newly diagnosed PCNSL. Twenty-five patients received initial two cycles of HD-MTX, etoposide, carmustine and methylprednisolone, and then one cycle of ifosfamide and cytarabine followed by peripheral stem cell collection. Seventeen responsive patients then received HDT using BEAM followed by auto-SCT. After auto-SCT, responding patients received WBRT and nonresponders received salvage therapy followed by WBRT (30 Gy). Out of the 21 responding patients, 4 did not have auto-SCT because of toxicity or refusal. With a median follow-up of 34 months, the estimated 4-year EFS was 46% and OS 64%. No evidence of late treatment-related toxicity was observed. 24 This is an interesting observation as almost all patients received WBRT at a dose of 30 Gy.
In a similar study, Abrey et al. 25 reported a phase II study using HD-MTX and cytarabine followed by HDT and auto-SCT in patients with newly diagnosed PCNSL. A total of 28 patients received induction chemotherapy and then 14 patients with chemosensitive disease underwent HDT (BEAM) followed by auto-SCT. The median EFS was 5.6 months for all patients and 9.3 months for 14 patients who underwent transplantation. Out of these 14 patients, 6 (43%) remained disease-free at last follow-up (median follow-up of 28 months). Prospective neuropsychological evaluations have revealed no evidence of treatment-related neurotoxicity. 25 Again, this is a small study but the study suggests that this treatment approach is feasible in patients with newly diagnosed PCNSL, without evidence of significant long-term neurotoxicity.
In a pilot study by Cheng et al. 26 newly diagnosed CNSL were treated with HD-MTX induction therapy followed by thiotepa, BU and CY and auto-SCT. Six of seven patients achieved a CR, patients tolerated therapy well and achieved remission lasting between 5 to 42 months (Table 1) . 26 In a multicenter phase II study by Illerhaus et al. 27 23 patients received upfront HDT and auto-SCT following three cycles of induction chemotherapy. WBRT (45 Gy) was also administered for consolidation therapy. Five-year relapserelated death was 21% for all patients and 8.7% for patients treated with HDT and auot-SCT. These data support feasibility and excellent outcome using upfront aggressive approach with auto-SCT. 27 BU and thiotepa as the conditioning regimen following HD-MTX in PCNSL was reported in 23 patients by Montemurro et al. 28 CR and PR rates for all patients were 70 and 13%, respectively. At a median follow-up of 15 months, median EFS after auto-SCT was 27 months and OS was not yet reached. Estimated 2-year EFS and OS were 45 and 48% for all patients vs 56 and 61% for the HDT and auto-SCT group, respectively. There were three deaths due to neurotoxicity among the nine irradiated patients. No persistent neurotoxicity was seen after auto-SCT without subsequent WBRT. 28 A relatively higher neurotoxicity noted in patients receiving WBRT, might be related to higher radiation dose used in this study (45 vs 30 Gy).
Tandem auto-SCT in lymphoma has been reported with some success, however, it is associated with significant toxicities among heavily pretreated patients who have received prior radiation therapy. 29, 30 There is no evidence to support upfront tandem auto-SCT in PCNSL.
Thiotepa has better brain penetration and carries theoretical advantage over other conditioning regimens by effective local blood--brain tissue penetration, 31 and needs to be considered in selected patients as it also carries excess toxicities in combination with BU-containing conditioning regimens. 32, 33 Patients enrolled in phase II trials discussed above are bound to be subject to selection bias. Although firm conclusions cannot be drawn from such studies, early results of upfront HDT and auto-SCT transplantation are encouraging despite confronting disease relapse remains an ongoing challenge. Treatment modalities to sustain response without long-term neuro-cognitive effect of therapy are needed. One approach would be to consider lower radiation dose after auto-SCT, which appears lucrative to decrease relapse rate and minimizing long-term neurocognitive side effects. 34 There is also a dire need to consider maintenance therapy in patients who achieve a good response. MTX given every 6 weeks for five cycles has been considered in clinical trials with no clear benefit. 35, 36 With emerging treatment options, other effective therapies need to be studied further.
As noted earlier, PCNSL is more common among those over the age of 65 years. This provides an increasing challenge to consider other modalities of therapy for patients who may not tolerate the combined modality therapy that includes HDT and auto-SCT.
In the above studies, though there is no increased neurotoxicity reported with induction regimens, systemic toxicity of consolidative auto-SCT needs to be considered. 
ROLE OF HDT AND AUTO-SCT IN RELAPSED PCNSL
Auto-SCT has also been evaluated among patients who present with relapsed CNS lymphoma. 3,37--39 Its recommended use has been limited by the very few reported studies in patients with PCNSL.
Soussain et al. 38 presented their results of intensive chemotherapy followed by auto-SCT for refractory, recurrent PCNSL and intraocular lymphoma. Salvage chemotherapy consisted of HD cytarabine and etoposide, and patients received thiotepa, BU and CY conditioning regimen followed by auto-SCT. A total of 43 patients with a median age of 52 years were included in this study. About 15 out of 20 patients with chemosensitive disease and 12 nonresponders to CTVE salvage chemotherapy underwent HDT and auto-SCT. All but 1 of the 27 patients obtained a CR. With a median follow-up of 36 months, the median OS of entire group was 18 months, and 59 months for patients who completed the assigned treatment. The respective median PFS times were 11.6 and 41.1 months. The 2-year OS probability was 45% for the whole population vs 69% for 27 patients undergoing auto-SCT. 38 These results are encouraging and suggest the group of patients with chemosensitive disease at relapse might benefit from HDT and auto-SCT.
In the absence of curative regimens for patients with relapsed disease, especially in patients who can tolerate intensive chemotherapy we recommend considering HDT and auto-SCT as an alternative approach to prolong disease-free survival.
In patients with secondary CNS lymphoma, there are sparse data to recommend auto-SCT. Eight patients with secondary CNS lymphoma at the time of disease relapse or progression, were treated with HDT and auto-SCT, six patients were in CR before the transplant. Only two of these patients continued to be in CR. 40 
CURRENT IMPLICATIONS AND FUTURE PERSPECTIVES OF HDT AND AUTO-SCT IN PCNSL
From the above studies, it is evident that HDT followed by auto-SCT in patients with PCNSL is a treatment modality with relatively low long-term toxicity and good early responses. Achieving the best responses before auto-SCT appears to play a role though patients with a PR have appeared to benefit from HDT and auto-SCT. We propose that HDT and auto-SCT need to be considered as an early option after induction therapy. Several conditioning regimens have been used in various studies, however thiotepabased regimens may have an advantage through better blood--brain penetration. We believe that intensifying multi-agent chemotherapy, to achieve maximal response upfront and subjecting patients to a thiotepa-based conditioning regimen (our preferred regimen is TEAM---thiotepa 300 mg/m 2 on day À6, etoposide 200 mg/m 2 on days À5 to À2, cytarabine 200 mg/m 2 on daysÀ5 to À2 and melphalan 140 mg/m 2 on day À1) and auto-SCT is a well-tolerated and effective approach. The efficacy of an additional lower radiation dose (p30 Gy) needs to be explored although hyperfractionated radiation therapy has been reported to be associated with severe neurotoxicity. 41 The ongoing randomized phase II study by the International extranodal lymphoma study group is an interesting study with three different regimens with or without the incorporation of rituximab and thiotepa as induction therapy followed by WBRT or HDT and auto-SCT. 42 This study is appropriate to reduce selection bias in patients undergoing auto-SCT. This would however not obviate the need to perform a larger randomized study. Extramedullary sites are considered to have limited (often considered as a sanctuary site) graft-vs-tumor effect after allo-SCT. 43 However, an allogeneic antitumor effect has been observed in a patient with PCNSL who underwent a non-myeloablative conditioning regimen followed by allo-SCT. 44 This report supports the concept of graft vs PCNSL reaction after allo-SCT, and therefore serves as a basis to be considered in future studies and remains an investigational approach.
In conclusion, until further prospective studies become available, we propose considering early HDT and auto-SCT after multiagent induction chemotherapy in patients who can tolerate high-dose therapy (the proposed treatment algorithm presented in Figure 1 ). Transplantation in primary CNS lymphoma N Reddy and BN Savani
